~/ Systems analysis of the systemic arterial (SAPW), cerebrospinal fluid (CSFPW), and sagittal sinus (SSPW) pulse waves was carried out in 13 dogs during hypercapnia (5% CO2), intracranial normotension (inhalation of 100% O2), and intracranial hypertension (inhalation of 100% O2 plus an intraventricular infusion). Power amplitude and phase spectra were determined for each wave, and the power amplitude and phase transfer functions calculated between the cerebrospinal fluid (CSF) pressure and systemic arterial pressures, and between the sagittal sinus pressure and CSF pressure. The study indicates that the CSFPW and SSPW were virtually identical when impedance between the cerebral veins and sagittal sinus was minimal, which argues that the CSF pulse was derived from the cerebral venous bed. During inhalation of 100% 02, transmission of the SAPW across the precapillary resistance vessels into the cerebral venous pulse (as represented by the CSFPW) was nonlinear, while transmission across the lateral lacunae into the sagittal sinus was linear. During intracranial hypertension, wave transmission across the precapillary resistance vessels was linear, and across the lateral lacunae was nonlinear. During hypercapnia, wave transmission across the precapillary resistance vessels and the lateral lacunae was linear. When the wave transmission was nonlinear, there was also suppression in transmission of the lower harmonics, particularly the fundamental frequency, and a more positive phase transfer function, suggesting an inertial effect or decrease in acceleration of the pulse. Conversion from a nonlinear to linear transmission across the precapillary resistance vessels is evidence of loss of vasomotor tone, and is accompanied by rounding of the CSFPW. A vascular model which encompasses the above data and is based on flow in collapsible tubes and changes in vasomotor tone is posited to explain control of pulsatile flow and pulse waveform changes in the cerebrovascular bed. The model helps to clarify the strong interrelationship between intracranial pressure, cerebral blood flow, and cerebral autoregulation.
M
EASUREMENTS of the systemic arterial pressure (Ps) and cerebrospinal fluid pressure (Pcsf) pulse waves under conditions of hypercapnia and increased intracranial pressure (ICP) in the cat were reported in a previous communication ? 6 Using the technique of systems analysis, the changes in amplitude and contour of the CSF pulse waves (CSFPW) were found to be primarily a result of alterations in the low-frequency harmonics of these waves. Reference to studies in other tissues 2~ suggested that these alterations may be related to impedance changes in the cerebrovascular bed (CVB) which are primarily located in the arterioles.
In order to compare the two pulse waves by means of theory applicable to flow in tubes, 37 the assumption is made that the CSFPW emanates from the CVB acting as a single tube with the CSF simply acting as a conducting medium. This assumption is made because the CSFPW is discrete and there is a high coherence between the systemic arterial pulse wave (SAPW) and the CSFPW. s, 26 Although the exact site of origin of the wave within the CVB is unknown, the wave most likely arises from the cerebral venous bed since the cerebral venous pressure (Pv) always just exceeds the Pcsf. 16 '31'39 The present study was designed to clarify the effects on the CSFPW of impedance changes in the CVB, and to determine the origin of the wave by simultaneous examination of the SAPW, CSFPW, and the sagittal sinus pressure (Pss) pulse wave (SSPW) under experimental conditions in which impedance changes in pulsatile flow could be expected to vary in a predictable way based on known alterations in resistance changes in steady-state flow. Three experimental conditions were chosen, namely, hypercapnia, intracranial normotension, and intracranial hypertension. During hypercapnia, the impedance of the CVB should decrease, whereas, during intracranial hypertension, the expected change is a decreased impedance in the arteries and arterioles and increased impedance in the parasagittal intradural venous channels (lateral lacunae), ls,39 Under normal conditions, there should be an increased impedance in the arteries and arterioles, and decreased impedance in the lateral lacunae. The three pulse waves should reflect these changes. If the CSFPW arises from the cerebral venous bed, then the CSFPW and SSPW should be nearly identical during hypercapnia and when the Pcsf is normal because of the expected low impedance at the lateral lacunae.
In order to help clarify the above suppositions and explain the experimental data, a vascular model for pulsatile flow in the CVB has been developed.
Materials and Methods
Thirteen adult mongrel dogs, weighing between 4.5 and 8.2 kg, were anesthetized with 5 mg/kg of intravenous methohexital. Additional methohexital was administered as needed. All operative sites and the external auditory canals were infiltrated with 1% lidocaine hydrochloride. After endotracheal intubation, the animals were paralyzed with a continuous infusion of 0.8 mg/hr of pancuronium bromide, and mechanically ventilated.* Temperature was maintained at 37 +_ 0.5~ with a warming blanket. A No. 18 catheter was introduced into the right subclavian artery (10 cm) in six animals, or into the right lingual artery (2.5 cm) in eight animals for measurement of the Ps. Each dog was placed in a stereotaxic frame in the sphinx position with the external auditory canals positioned approximately 5 cm above the heart. The scalp and temporal muscles were reflected. The skull was trephined for bilateral ventricular cannulae (No. 18 spinal needles) which were placed 4 nun posterior to the bregma and 8 nun from the midline. Penetration into the ventricles was confirmed by the continuous infusion technique. A trephine was placed anterior to the bregma for catheterization of the sagittal sinus. A No. 22 catheter (2.5 cm) was inserted caudally for 1.5 cm. Fluid leaks at the puncture sites were sealed with cyanoacrylate adhesive, and the integrity of the skull reconstituted with dental acrylic cement.
Left lateral cerebral ventricular pressure and Ps were measured using calibrated pressure transducers~f having a drift of less than 1 mm Hg. The Ps was referred to the level of the midthoracic line and the Pcsf to the level of the external auditory canals. The right ventricular cannula was connected to a variablespeed infusion pump1: for continuous infusion of Ringer's lactate solution. The pressure transducers were connected directly to the cannula or catheters to minimize alteration of recorded waveform.
In order to study the three waveforms under conditions of hypercapnia and intracranial normotension * Harvard animal ventilator pump, Model 600, manufactured by Harvard Apparatus Co., Millis, Massachusetts.
t Bell and Howell physiological pressure transducer, Model 4-327-0009, manufactured by Bell and Howell, Pasadena, California.
Harvard stepper pump, special product 2445, manufactured by Harvard Apparatus Co., Millis, Massachusetts. and hypertension, the following protocol was followed. After being placed on the respirator, the animals were respired with a gas mixture of 25% 02 and 75% N2. The expired CO2 was monitored with a capnograph.w The respirator was then adjusted so that the arterial blood pH and respiratory gases had the following approximate values: pH = 7.35 to 7.4, pO2 > 90 mm Hg, and pCO2 = 30-35 mm Hg. The resting ventricular pressure was recorded and the animal discarded if the pressure exceeded 10 mm Hg.
The Pcsf, Ps, Pss and electrocardiogram (EKG) were recorded while the animals were ventilated with 25% 02. The animals were then ventilated with 100% 02, and after stabilization another recording was obtained. The test gas, 5% CO2 and 95% 02, was administered for approximately 10 minutes, followed by a recording. Oxygen (100%) was then given until the blood gases returned to normal, and another recording was obtained. The animal was maintained on 100% 02 while the ventricles were infused with Ringer's lactate solution to the same level of mean Pcsf as was reached during administration of the test gas, and recordings were obtained. Each recording lasted 3 to 4 minutes. The pressure waveforms were amplified and recorded on a frequency-modulated tape recorder at 13 in./sec and on an optical recorder.ll Spectral analysis of the recorded waveforms was performed using a MINC II computer.* A train of 10 individual pulse waveforms obtained simultaneously from the Ps, Pcsf, and Pss during each test period was analyzed using a single-pulse Fast Fourier Transform computer program developed in this laboratory (unpublished data). Power amplitude (XFRa) and phase (XFRp) transfer function spectra were obtained between the fundamental frequency of the pulse and 15 Hz. The XFRa and XFRp were calculated between the Pcsf and Ps (XFRa -Pcsf/Ps, XFRp -Pcsf/Ps), and between Pss and Pcsf (XFRa -Pss/Pcsf, XFRpPss/Pcsf). Frequency response of the entire system was flat to beyond 15 Hz.
During each segment of the experiment, the blood pH and gases were monitored by withdrawing repeated l-ml samples of the arterial blood. Arterial pH, pO2, and pCO2 were measured on a blood gas analyzer. dent's t-test. A probability value of less than 0.05 was considered significant.
Results
Mean and pulse amplitudes (AP) for Ps, Pcsf, and Pss are presented in Table 1 for dogs inhaling 100% O2, 5% CO2 + 95% 02, and 100% O2 + intraventricular infusion (IVI). Probability values for the same data are in Tables 2 and 3 . Since there was no significant difference in Ps and APs as measured in the subclavian and carotid arteries, the data were considered together.
lntracranial Normotension Group
In dogs inhaling 100% 02, the decrease in mean and pulse amplitude between Ps and Pcsf (Table 1) was accompanied by a dramatic change in pulse wave contour (Fig. 1) . This is more readily seen by reference to the power spectra amplitude and XFRa -Pcsf/Ps (Figs. 2 and 3 ). The greatest attenuation was in the amplitude of the lower harmonics, particularly the fundamental frequency. Thus, the XFRa between Pcsf and Ps (XFRa -Pcsf/Ps) appeared to slope upward from low to high frequencies. These data reveal preferential attenuation of the lower frequencies of the SAPW, in particular, the fundamental frequency.
In contrast, there was very little change in mean and pulse amplitude between the Pcsf and Pss ( Table  1 ). The pulse waves had similar contours (Fig. 1) . This is reflected in the similar shape of the power amplitude spectra and fiat XFRa -Pss/Pcsf spectra in most animals. These findings are indicative of linear transmission of the CSFPW into the SSPW. In three animals, there was some suppression of the lower harmonics as seen in Fig. 4 .
The XFRp -Pcsf/Ps in those animals in which the Ps data were obtained from the carotid artery demonstrated a positive phase shift (Fig. 5) i When the data were obtained from the subclavian artery, the shift was negative. The negative shift seen particularly in the higher frequencies is due to a delay in wave travel in the extracranial vessels which is greater when the measurement is obtained from the subclavian rather than the carotid artery. In each animal the shift of the XFRp -Pcsf/Ps was more positive than seen during the intraventricular infusion and hypercapnia. Since the distance between recording catheters is unchanged, a more positive shift suggests an increased inductive or inertial effect (see Discussion) on the SAPW during conversion into the CSFPW.
The XFRp -Pss/Pcsf showed a slight positive shift (Fig. 6 ). The shift was greatest in the animals that demonstrated suppressed lower harmonics in the corresponding XFRa.
Hypercapnia Group
Dogs in the hypercapnia group were ventilated with 5% CO2 and 95% 02. An example of the changes in Pcsf and Pss from the onset of hypercapnia to Pcsf equilibrium is shown in Fig. 7 . The Pcsf initially rises faster than Pss, reaches a maximum, and then decreases to the equilibrium level. Initially, the CSFPW becomes rounded as a greater amount of the fundamental frequency is transferred from the SAPW (Fig.  7) . The SSPW initially does not change. This is reflected in the XFRa -Pss/Pcsf, which demonstrated suppression of the lower harmonics. GraduaUy, there is progressive rounding of the SSPW so that at equilibrium there is marked similarity between all the pulse wave contours (Fig. 1 ). This is made evident by the flattened XFRa -Pcsf/Ps and XFRa -Pss/Pcsf spectra (Figs. 2 and 4). The values given in Table 1 during hypercapnia are those obtained at equilibrium. The data obtained at equilibrium suggest linear transmission of the pulse wave through the CVB.
The XFRp -Pcsf/Ps demonstrated a negative shift, with the exact shape of the spectra being variable (Fig. 5) . The fundamental frequency of the XFRpPss/Pcsf usually had a zero shift, with the high frequency being positive (Fig. 6 ).
Intracranial Hypertension Group
Dogs in the hypertension group inhaled 100% O2 and received an intraventricular infusion (IVI). During IVI to the same level of Pcsf as obtained during hypercapnia, Pss and APss did not rise (Table 1) . In fact, the SSPW did not change in contour (Fig. 1) . The power amplitude spectra of the Pcsfdemonstrated an increase in the lower harmonics, particularly the fundamental frequency, a flattening of the XFRaPcsf/Ps, and rounding of the CSFPW (Figs. 1, 2 , and 3). Simultaneously, there was a reduction in the power amplitude spectra of the lower harmonics of the SSPW, which was reflected in the XFRa -Pss/Pcsf. The SSPW demonstrated decreased rounding of the pulse contour. The net effect was that the SSPW remained the same as seen during 100% 02 inhalation (Tables 1 and 2 , Figs. 1, 2, and 4). These data suggest linear transmission of the SAPW into the CSFPW, and nonlinear transmission of the CSFPW into the SSPW.,
The XFRp -Pcsf/Ps was similar to that seen with hypercapnia (Fig. 5) . The XFRp -Pss/Pcsf consistently demonstrated a positive shift, the shift being greater than seen during 100% 02 inhalation or hyStrictly speaking, the term "transfer function" should not be applied to a nonlinear system. Rather than complicate terminology, these terms are retained as indicating an amplitude ratio (XFRa) and phase shift (XFRp) between corresponding harmonics. o omm ( percapnia (Fig. 6 ). This greater positive shift suggests an increased inductive effect.
Discussion
With each contraction of the heart, a pressure wave is generated which travels out along the arteries into the tissue beds. The pressure wave measured at any given point is a result of the generated wave and modification of the generated wave by impedance changes in the vascular tree. 2~ It follows that alterations in a pulse wave occurring between two points will be the result of impedance changes between these points.
Arterial impedance has been extensively studied, 2~
but not impedance in tissue beds. A study of impedance in tissue beds would require simultaneous measurement of pressure and flow pulses in the minute vessels of the bed. The peculiarities of the CVB and its rigid enclosure afford a solution to this problem, and also a method of evaluating the status of the CVB. The CVB is surrounded by fluid and viscoelastic tissue, and enclosed in a rigid container--an ideal plethysmograph. The exact source of the recorded "plethysmogram" will depend on the physical characteristics of the vessels in the bed, such that the vessels with the largest radii and thinnest walls (law of Laplace) preferentially transmit a pulse to the surrounding medium. The cerebral veins best satisfy these conditions.
The present study supports the assumption that the cerebral veins are the source of the CSFPW. Several investigators 9,~1,16 have recognized that the CSFPW was similar to the arterial pulse, but the exact origin of the wave has not been determined. Bering 2 believed that the wave emanated from the choroid plexus. Dunbar, et al., 11 demonstrated, however, that the CSFPW could be observed in the lumbar spinal canal when the cervical spinal fluid pathway had been obstructed. Subsequent obstruction of the descending aorta obliterated the wave, indicating that the wave was generated from the feeding vessels. The present study indicates that the pulse measured in the ventricles and sagittal sinus are virtually one and the same when the impedance to cerebral venous outflow is minimal, that is, during intracranial normotension and during hypercapnia. It appears, therefore, that the CSFPW is derived from the transmission of an arterial pulse into the cerebral veins. The pulsations within the thin-walled veins are then transmitted to the CSF.
During hypercapnia and when the Pcsf is normal (conditions of expected low impedance between the cerebral veins and sagittal sinus), the CSFPW and SSPW have almost identical contours (Fig. 1) . This is further confirmed by the relatively fiat X F R aPss/Pcsf spectra (Figs. 2 and 4 ). The only difference between the two pulses is a small decrease in amplitude of the SSPW when compared to the CSFPW, a loss attributable to attenuation of the wave as it travels between the cerebral veins and sagittal sinus (Fig. 1 , Table 1 ). The CSFPW thus appears to reflect the venous pulse. The discreteness of the CSFPW and marked similarity to the SSPW, in addition, support the assumption that the CSFPW can be treated as a pulse emanating from a single vessel.
If theory applicable to wave travel in large arteries ~,a8 is applicable to wave travel in the CVB, there should be linear transmission of the SAPW through the bed. This means that a change in the SAPW will result in a proportional alteration in the cerebral venous pulse wave as reflected in the CSFPW and in the SSPW. This occurs during hypercapnia (Fig. 8) . The SAPW, CSFPW, and SSPW have similar contours (Fig. 1) , and the X F R a spectra are nearly flat for both the X F R a -Pcsf/Ps and X F R a -Pss/Pcsf ( Figs. 2, 3, and 4) . The data obtained during inhalation of 100% 02 or 100% 02 + IVI indicate nonlinear transmission. Under these conditions, the SAPW, CSFPW, and SSPW are of different contours (Fig. 1) . This is reflected in the XFRa -Pcsf/Ps (100% 02) and XFRa -Pss/Pcsf(IVI) spectra which are not fiat (Figs. 2, 3, and 4) .
The failure of an amplitude change in the SAPW to produce a similar alteration in amplitude of the CSFPW and SSPW could be explained by autoregulation, which maintains a constant cerebral blood flow despite fluctuations in Ps. Compensatory alterations in vessel diameter cause this nonlinearity.18,~~ Less readily explained are the changes in wave contour during inhalation of 100% 02 and 100% O2 + IVI. The XFRa spectra are not flat. This, of itself, would not be significant since attenuation of higher frequencies occurs with increasing distance traveled by the wave. The significance is that the lower, not the higher, harmonics are attenuated (Figs. 2, 3, and 4 ). This suggests a nonlinear system in which there is a conversion of the power contained in the lower frequencies (mostly the fundamental frequency) into higher harmonics.
A finding difficult to explain on the basis of flow theory in large arteries is the relatively greater positive phase angle shift of the XFRp -Pcsf/Ps during 100% 02 inhalation and XFRp -Pss/Pcsf during intracranial hypertension. A positive shift suggests an increased inductive effect or greater fluid inertia, that is, a relative decrease in fluid acceleration with each pulse.
From the foregoing discussion, it is evident that any model posited to explain how the SAPW is altered as it travels through the CVB must explain four conditions: 1) alterations in linearity of wave transmission; 2) preferential reduction in transmission of the lower harmonics, particularly the fundamental frequency; 3) the inductive (inertial) effect; and 4) applicability to both precapillary resistance vessels and the lateral lacunae. We propose the following vascular model based on the general principles of flow in collapsible tubes, and, more specifically, the concept of the Starling resistor 32 as applied to flow through the lateral lacunae a9 and Burton's concept of the critical dosing pressure for flow through the arterioles, 5-7 as adapted by Permutt lacunae act as a Starling resistor, that is, a collapsible tube in which the pressure external to the tube exceeds the outflow pressure. A diagram of a Starling resistor is shown in Fig. 8 and is labeled as applied to the lacunae: Pv -Pss is the differential pressure through the lacunae, and Pcsf -Pss the external pressure which determines the degree of collapse of the lacunae and thus governs the resistance to flow. As long as Pcsf exceeds Pss, changes in flow are independent of the absolute value of Pss since the effective perfusion pressure is (Pv -Pss) -(Pcsf -Pss) or Pv -Pcsf. Any single factor, Pv -Pss, P c s f -Pss, or flow, is governed by a combination of the other two factors 3,4,23 (Fig. 9) . If Pcsfis constant and flow increased, Pv increases until only slightly greater than Pcsf and then remains at this level. This explains why Pv is always found to be slightly greater than Pcsf. 31 At a constant flow, even though Pcsf governs Pv, Pss is independent of Pcsf. The Pss is only dependent on the flow and resistance in the sagittal sinus. If Pcsf rises, Pv rises but Pss does not. Likewise, the pulse amplitude is reduced as it passes through the lacunae. Although the exact mechanism for reduction in amplitude is unknown, a possible explanation is as follows: With each oscillation, there is transient collapse of the lacunae during the diastolic portion of the wave. The wave is clipped in a manner analogous to an electrical sine wave passing through a rectifier (Fig.  10) . The input wave is fragmented so that the output wave is composed of a reduced amplitude of the original wave plus harmonics of the wave. Because the fundamental frequency is synchronous with the pulse oscillation and has the largest amplitude, it is most likely to be affected. Thus, there is preferential conversion of the fundamental frequency into higher harmonics.
Compression of the lateral lacunae with increased Pcsf also accounts for the positive XFRp -Pss/Pcsf phase shift or increased inductive effect. A tube with a small radius retards fluid acceleration more readily than a tube with larger radius and causes the larger inductance or inertial effect.
Permutt and Riley 25 have applied the principle of the Starling resistor to the arterioles, this being a modification of Burton's concept of critical closing pressure? -v The transmural pressure (PTM), Ps -Pcsf, acting to distend the arterioles, is opposed by the tension of the vessel wall (Fig. 8) . The total tension (T) is derived from the tension due to elastic recoil (Ts) and from the active tension due to smooth-muscle contraction (TA) 5-7' 15' 27' 29 (Fig. 11) . The elastic tension depends on the unstretched radius of the vessel (Ro) and the modulus of elasticity. The relationship between PTM, which acts to distend the wall, and T, which acts to contain the distension, is given by the law of Laplace, T = PTM X R. At Ro, only TA balances PTM and any decrease in pressure below this point will cause the vessel to collapse3 -7,2~ Thus, an instability point (IP) is defined where TA of the smooth muscle just balances PTM.w Any increase in PTM above the IP results in a stable condition with stretch of the vessel wall, and any decrease in PT~ results in collapse of the vessel. The arteriolar wall is thus maintained, whenever possible, under the least tension without collapse. At the IP, vasomotor tone is thus equivalent to a pressure defined by TA/RO and acting as if it were external to the vessel in a manner similar to Pcsf. The PTM at the IP for a condition of complete closure of the arteriole would be the same as the critical closing pressure described by This system is ideal for maintaining a constant flow in the presence of a.varying input pressure. As long as TA/RO (vasomotor tone) can match PTM and there are no other resistive changes downstream, this system working at the IP should exhibit exquisite control over CBF since CBF "automatically" returns to normal when TA/RO balances a change in PTM 28 (Fig. 9) . Any increase in PTM causes stretch of the vessel wall, signaling for an increase in vasomotor tone (Fig. 12) , while any decrease in PTM causes vessel collapse, the signal for a decrease in tone (the Bayliss reflex1). Thus, the limits of vasomotor tone define the pressureflow characteristics of cerebral autoregulation. 1~ Control of flow is actually accomplished by changes in vasomotor tone over all the arteries as well as the arterioles. Only a fraction (30% or less) of any alteration in Ps is reflected as a change in PTM in the arterioles.lS.a7, 30,a4 Within the limits of vasomotor tone, pressure oscillations about the IP are unstable because of the transient collapse of the arterioles with each pulse. Like at the lacunae, the wave is clipped synchronous with the w In order to simplify these concepts, the term instability point (IP) has been used. In reality, no sharp demarcation occurs between T^ and Ts. The IP, more likely, is a transitional region. 12. An increase in Ps causes an increase in PTM and, therefore, in T. The TA increases (and Ro decreases) to again reduce T to a minimum at the IP. This automatically returns CBF to normal (see Fig. 10, right) . A decrease in Ps causes a decrease in PTM and arteriolar collapse. The TA decreases (and Ro increases) until PTM and tension are again balanced at the IP and flow reestablished to previous level. These changes occur in the arteries and arterioles. For a given change in Ps, less than 30% of the change is reflected in a PTM change in the arterioles. For abbreviations see Definitions.
pulse, with preferential conversion of the fundamental frequency into higher harmonics (Fig. 10) . The collapsing vessel likewise retards acceleration of the wave, accounting for the phase shift. Loss of tone, such as produced by hypercapnia, shifts the tension curve such that the Laplacian line of Pru crosses at a stable point (SP) on the ascending portion of the curve (Fig. 11) . At an SP, linear transmission exists, with preservation of the contour of the SAPW and a relatively fiat XFRa spectra.
In contrast to alterations in Ps, which only vary the PTM in the arteries and arterioles, changes in Pcsf act on all levels of the CVB. The increase in Pcsf compresses the lateral lacunae and elevates venous outflow resistance. While CBF through the arterioles is decreased by the increase in downstream resistance, the flow in these collapsible tubes remains independent of the downstream pressure (Pc and Pv), unless the downstream pressure approximates a pressure in the arterioles defined by TA/Ro, which is the same as the PTM. This would be in agreement with the results of Ekstr6m-Jodal, 13 who found that autoregulation in dogs was independent of an increase in venous pressure up to 26 mm Hg. Unlike an alteration in Ps, the full effect of a rise in Pcsf is transmitted to the precapillary resistance vessels (Fig. 13) . In response, there is a decrease in PTM and a decrease in radius of these vessels followed by a compensatory decrease in TA. The resultant dilation occurs across the entire precapillary bed and offsets the decrease in radii of the vessels. This produces a secondary increase in PTM in the arterioles. When arteriolar PTM and vasomotor tone have attained equilibrium at the IP, the overall vasodilation that occurs offsets the increase in vascular resistance due to compression of the precapillary resistance vessels.
Only in perfectly collapsible vessels does an increase in Pcsf produce a decrease in vessel diameter as well as a decrease in PT~. Farrar and Roach TM have demonstrated that the larger cerebral arteries (1 to 2 mm diameter) do not collapse until a critical external pressure is exerted. At a perfusion pressure of 85 mm Hg, the critical external pressure averaged 33 mm Hg. The failure of the arteries to collapse under the increased Pcsf results in a greater PTM at the arterioles than would be expected from a similar decrease in arteriole PTM due to a decrease in Ps. As a result, arteriolar PTM tends to rise above the IP, the additional increase in radius compensating for the downstream increase in resistance at the lacunae. If vasomotor tone continues to rise to attain balance at the IP, the increase in cerebrovascular resistance reduces CBF, which in turn alters local metabolism and induces vasodilation. TM As a result, Pan~ remains above the IP.
The CSFPW reflects these events. The reduction in overall precapillary vasomotor tone results in less of a pressure drop across these vessels, and, therefore, a (1)). This would represent at least a threefold change when compared to a similar decrease in Ps. Marked vasodilation occurs in the arteries and arterioles. As the PTM increases in the arterioles in response to upstream vasodilation, arteriolar vasodilation becomes limited (reduced TA(1)) and TA increases until equilibrium is established at TA(2), PTM(2). Since upstream arteries do not start to collapse until a critical Pcsf is reached (see text), PTM rises above the IP to an SP on the TE portion of the curve. The additionalincrease in radius (R) serves to offset the increase in cerebral vascular resistance at the lacunae. For abbreviations see Definitions.
general increase in the XFRa spectrum. Since PTM crosses the tension curve at an SP, there is improved transmission of the lower harmonics.
It is of interest that the combination of a transient marked decrease in precapillary TA and reduced collapsibility of the arteries should result in a transient increase in CBF. Such an increase has been described by Miller, et al? 1
Application of the Vascular Model
Using the model, the waveform changes observed during this experiment can be explained.
Intracranial Normotension. In dogs inhaling 100% O2 (Tables 1 and 2, Figs. 1 to 6 ), the conditions that exist are a normal CBF, resting vasomotor tone which implies attenuation of the Ps, and slight compression of the lateral lacunae, since Pcsf is greater than Pss. The Ps is attenuated by the vasomotor tone of the precapiUary resistance vessels, and the arterioles are H. D. Portnoy, et al. functioning about the IP. This produces a decrease in amplitude of the SAPW with selective decrease in the lower frequencies and more positive phase shift between the SAPW and CSFPW. The result is the "normal" CSFPW.
Because there is only slight compression of the lateral lacunae, there is minimal reduction in amplitude and only a small inductive effect. The reduction in amplitude is relatively uniform over all frequencies, thus, the SSPW is smaller but of similar contour to the CSFPW.
Hypercarbia. Results in dogs inhaling 5% CO2 and 95% 02 are given in Tables 1 and 2 , Figs. 1 to 7 . With the onset of liypercapnia, there is a beginning loss of vasomotor tone with an increase in cerebral blood volume. As TA of the precapillary vessels decreases, the CSFPW increases in amplitude and begins to show the influence of increasing transmission of the fundamental frequency, with rounding of the waveform. Because vascular expansion is more rapid than CSF absorption, Pcsf rises, which results in compression of the lateral lacunae and suppression of the fundamental frequency of the CSFPW. The SSPW thus initially remains fairly normal. As CSF absorption overtakes blood volume expansion, Pcsf begins to fall. The SSPW gradually takes on the shape of the CSFPW. At equilibrium, there is marked loss of vasomotor tone and reduced compression of the lateral lacunae. The entire system acts as a distended tube with linear transmission of the SAPW. This results in the SAPW, CSFPW, and SSPW having nearly identical contours. Only the amplitude of the waves remains different since the distended vessels still have residual impedance. Because of the increase in CBF, Pss increases since the resistance to outflow of the dural sinuses is fixed. The elevated Pss induces a simultaneous increase in Pcsf.
Intracranial Hypertension. Results in dogs inhaling 100% Oz and receiving an IVI are given in Tables 1  to 3 and Figs. 1 to 6. With an increase in Pcsf, there is compression of the intracranial vasculature and lateral lacunae. Vasodilation occurs with increased transmission of the lower harmonics, particularly the funadmental frequency. The effect is an increase in APcsfwith a more rounded waveform. Because of the increase in venous outflow impedance, the SSPW demonstrates a lower amplitude and less rounding of the waveform when compared to the CSFPW. Compression of the lateral lacunae particularly increases the inductive effect of the impedance, and produces a positive shift in the phase angle between the CSFPW and SSPW. This is a reversal of the changes seen in the CSFPW. The net effect is a wave almost identical in amplitude and contour to the SSPW seen with inhalation of 100% 02. Because the dural sinuses do not change size, the marked similarity between the SSPW's with 100% O2 and 100% O2 + IVI suggests that CBF has not changed and autoregulation has been maintained.
